Abstract. An designed monitoring system was used in this paper to monitor the typical landslide in Zhenjiang area. The process of landslide about accumulative displacement, deformation rate and acceleration has been analyzed. The process of landslide was divided into three phases including an initial deformation phase, a uniform deformation phase and an accelerated deformation phase. The numerical simulation results show that the destructive model of landslide is creeping-tension cracking. Special topography provides a good free face for landslide. Moreover, under the influence of water cycles, the mechanical strength of the silty clay decreases affecting the slope stability. After rainfall infiltration, the transient saturation region is formed, resulting in the decreasing of effective stress, and producing the hydrostatic pressure and dynamic pressure which point to the free face. Therefore, the sliding force increases and the resistance force decreases.
Introduction
Zhenjiang is located on the south bank of the Yangtze River, there are many low hills and denudation mounds in the city. Special topographic features are the important causes of dangerous rocks, landslides and other geological disasters. In recent years, the destruction accidents of hill have increased due to heavy rain. For example, in 1991, from May to July, the rainfall in two months reached 923 mm, accounting for 86.5% of the annual rainfall, a large number of buildings such as houses, workshops, and so on were destroyed, which resulted great economic losses [1] . In this paper, the mechanism of landslide in Zhenjiang city is discussed, and the Paoma hill is taken as the example. Paoma hill is located in the west of Zhenjiang, the surrounding residential, factory buildings are very intensive, many landslides have happened in history and brought great security risks to the surrounding buildings. The remote sensing images of mountains and other regions were analyzed by Fang etc. [2] , the results indicated that from 1960 to 2000, three landslide ancients have happened in the Paoma hill area, which is the typical landslides induced by rainfall in Zhenjiang area. The finite difference method was used by Xiao etc. [3] to analyze the deformation and failure mechanism and the influence of the water level change on the stability for the clay landslide of the Huangshan hill in Zhenjiang city. The study has been carried out by Yuan etc. [4] , which focused on the occurrence rules and causes of the landslide in Zhenjiang. The main types, distribution characteristics and genetic mechanism of geological disasters in Zhenjiang were analyzed by Liu etc. [5] , and corresponding prevention measures were put forward. However, the deformation stage and mechanism analysis of the landslide in Zhenjiang city are still insufficient.
In the aspect of landslide monitoring, Chen etc. [6] used the new monitoring technology of array type displacement sensors to monitor the deep displacement of highway landslide. The wireless real-time remote sensing technology was used by Xu etc. [7] for monitoring the surface displacement on the Tianchi landslide in the three Gorges Reservoir area in Fengjie city. The remote monitoring and forecasting system was developed by He etc. [8] , by which, the remote and real-time monitoring was achieved for dynamic changes. This paper takes the Paoma hill as an example, which is a representative landslide in the Zhenjiang area, the deformation stage and instability mechanism of landslide are analyzed in detail. The research results about the instability mechanism and construction design can be used as the reference for the typical rainfall type landslides in Zhenjiang area.
Landslide Survey
The slope is composed of upper Pleistocene silty clay, the exposed bedrock mainly is the thick layer and yellow sandstone, carbonaceous shale of Longtan formation (P 2l ) of the upper Permian, grey and thick limestone of the Qinglong formation (T 1q ) of the lower Triassic and intrusive rocks, (Fig. 1) . The average height at the top rear side and the leading edge is 42.5m and 23.3m respectively, the average slope is 23°. The sliding body length is about 80 m in east-west direction, with width of 40 m and thickness of 10～20 m. Basing on engineering geological mapping and borehole data, the lithology of this area can be roughly divided into three layers from the above to the bottom: (1) Silty clay, which is yellowish-brown in color, with weak expansibility, and easily cracks when dehydration, the thickness is about 6.2-13.6 m, the level of the bottom of the layer is 15.2-28.3 m; (2) Silty clay including gravels, which is yellow in color, the thickness is about 1.5-4.3 m, the level of the bottom of the layer is 13.6-24.2 m; (3) Strongly weathered quartz diorite, which is yellow in color, with blocky structure, the main components include plagioclase, quartz and amphibole etc., the basic physical and mechanical indexes are shown in table 1. 
Monitoring System and Monitoring Program
Landslide history and geological survey results indicate that the landslides occur mainly in the upper clay layers, therefore, monitoring mainly aims at the clay layer. The monitoring system consists of three main parts, which including field monitoring, data acquisition, data processing and information publishing etc. (Fig. 2) . The boreholes were drilled into the clay layer and the steel pipes were installed in the holes. The steel pipe is connected with the bottom metal block to ensure that the wire ropes would not be pulled out and the block will be synchronize with slope displacements. Cement mortar was filled around the steel pipes, the wire ropes were protected in steel pipes of small scale, which were buried under the slope surface. The wire ropes were connected to the fixed displacement encoders after stretching along the ground surface. When the landslide occurs, the monitoring system transfers the displacement data of the wire ropes to the acquisition systems, and converts the displacement data into electrical signals through the displacement encoders. The acquisition system is composed of data acquisition, wireless transmitting device, solar power panels, battery, gauge and lightning protection device, the equipment was placed in a safe area far from the landslide, solar power is used in sunny days and in rainy weather, the battery is used to supply power. The data acquisition device transmits the slip displacements and rainfall data collected from the field to the monitoring center through the wireless transmitting device, the monitoring center processes the data and releases them to the public. Ning et al. [9] used the improved decimal genetic algorithm to search the most dangerous slip surface of the soil slope. Li et al. [10] transforms the stability coefficient of the sliding surface into a unary function, by which the location of the sliding surface is quickly determined. In this paper, the range of entrance and exit is specified by 'slope/w' software, the most dangerous slip surface of the slope is determined by the optimization program search algorithm (Fig. 3) . Two monitoring points are respectively arranged at the top and the middle part of the slope, respectively. 
Analysis of Landslide Deformation Process
From June 20, 2016, persistent rainfall happened in Zhenjiang region, at 5 p.m. on June 25, the monitoring system began to receive displacement data. The overall landslide event occurred in July 6, the monitored displacement data for 12 days is shown in Fig.4 . Shortly after July 25, the landslide slipped into a state of creep, with the amount of rainfall infiltration increasing gradually, the mechanical properties of rock and soil decreased gradually, the final sliding surface is fully connected, the landslide happened.
According to field investigation, the sliding body was located in the middle and lower part of the slope, where was near the monitoring point 2. With the creep deformation of the slope, the tension crack gradually formed on the surface of the slope, the crack was near the monitoring point 2. Under sustained rainfall condition, the tension cracks continued to extend and cut down, the sliding body moved down and the steps due to landslide formed. The maximum displacements at point 2 reached 1337 mm. The final displacements of point 1 is 281 mm (Fig.4) . The sliding speed of point 1 was obviously smaller than point 2 ( Table 2 ). The studied slope is a typical soil slope in Zhenjiang area, the displacement-time curve in the course of sliding is consistent with typical creep deformation characteristics [11] , the landslide process can be divided into three stages of initial deformation, constant deformation and accelerated deformation. Initial deformation stage: From June 20 to 24, the persistent rainfall happened in Zhenjiang. The maximum rainfall reached 45.2 mm in June 24. The initial deformation of slope happened at 16 o'clock of June 25, the displacements reached 11 mm, the initial deformation speed was 2.1mm/h, and the initial acceleration was 0.27 mm/h 2 . After June 24, with the decrease of rainfall and the excretion of groundwater in slope, the sliding gradually faded.
Accelerated deformation stage: From June 30 to July 1, continuous rainfall happened, the rainfall reached 88.8 mm, the deformation velocity of the slope increased obviously. At 8 o'clock of July 1, the slope entered the stage of accelerated deformation. Deformation speed reached 11.3 mm/h. At that time, more cracks on the surface of the slope appeared, and the width and depth gradually increased, small scale collapses happened at the foot of the slope. With the decrease of rainfall, the landslide went back to the stage of constant deformation with average rate of 13.9mm/h. In July 4, the rainfall reached 122.2 mm, landslide entered the stage of accelerated deformation again, with rate of 22.3 mm/m and the holistic landslide initiated.
Xu etc. [12] analyzed the acceleration characteristics of creep landslide, the studied results showed that the acceleration can be used as warning index of impending sliding. When the acceleration "jumps" to a certain critical value, it can be concluded that the landslide slip into impending stage, warning notices may be issued. When the slope of the Paoma hill is in constant and accelerated deformation stages, the variation of acceleration has obvious fluctuation. But before the slope reached the slip stage, the acceleration suddenly mutated to 1.1 mm/h 2 , sliding failure happened.
Landslide Mechanism
The type of Paoma hill landslide is a typical creep-tensile crack type, which characteristics of rock and soil combination and topographic conditions are the internal causes of landslide development. Rainfall and man-made factors induced and promoted the occurrence of landslide.
Internal Causes
The existed study results indicate, the maximum landslide probability due to topographic happens, where the gradient of the ground surface is between 10 and 45° [13] . The area of Paoma hill belongs to the hilly geomorphic unit, and the height difference of the hills is great. The main materials of the slope is silty clay with weak expansibility and poor mechanical properties. The vertical cracks of the shallow clay is very developed, the permeability of the lower bedrock is poor. After rainfall infiltration, the sliding band is softened. Based on the actual monitoring data, the cohesive force and the angle of internal friction of silty clay are back calculated, when the slope sliding, the values of the cohesion and internal friction angle along the sliding surface decreased from 36.7 kPa and 6.1° to 26 kPa and 5.1° respectively.
External Cause
The average annual rainfall in Zhenjiang is 1270 mm, according to historical data, when rainfall exceeded 1800 mm/year, the more landslides occurred in the area, which are the typical landslide induced by rainfall. Between June 25 and July 4, in 2016, the continuous rainfall happened, the cumulative rainfall amounts to 410.2 mm, the rainfall was more than the average value of the past five years, the exceeded amount reached 247mm. From June 25, each rainfall would cause an increased deformation in slope. Especially in July, 3 and 4, the heavy rainfall directly led to landslides.
In this paper, the SEEP/W, SIGMA/W and SLOPE/W packages of GeoStudio software are used to simulate the influence of rainfall on the stability of slope. SEEP/W is used to simulate rainfall infiltration of the ten days from June 25 to July 4. Unstructured quadrilateral and triangular meshes are adopted, there are 1154 nodes and 1093 grids. Saturated-unsaturated seepage theory is adopted as the mechanics models, the given flow is used as the boundary condition. The seep simulation results are coupled with SIGMA and SLOPE to analyze the stress-strain and stability factor of the slope, the calculated results is shown in table 3. Under the action of continuous rainfall, the water content of the soils increases gradually and tends to be saturated. The pore water pressure rises and effective stress reduces, so, the factor of stability decreases. By July 1, the soils near the surface became saturate, the shear displacement zone is mainly located in the upper of the slope, the maximum displacements of the soils is 0.12 m, which result is very close to the monitored data. At that time, the factor of the stability for the slope was 1.228, and the slope is safe. When the rain lasted until July 4 ( Figure 5 and Figure 6 ), the transient saturated region in the soils continues to expand downward, the maximum shear strain increased numerically, the plastic zone went through from the bottom to the top, the maximum displacement of soil reached 1.0 m with the factor of stability of 0.901, the slope was under the sliding state. Combining with field monitoring data and simulation results, rainfall is a major factor resulting in landslide of Paoma hill. The main mechanism can be concluded as the follows: (1) Under the heavy rain condition, the water on the ground surface is rapidly seeped into the slope along vertical cracks into the silty clay, the effective stress reduced and sliding force increased, and the slope is instable; (2) The groundwater in the soils from the rain seeps due to the head difference, the dynamic water pressure is generated; (3) The continuous rainfall results in softening of the soils, the stability of the slope decreases.
Conclusions
By the geological, monitoring data and numerical simulation analysis, the following conclusions are obtained:
(1) Based on the self-designed automatic monitoring system, the slope of the Paoma hill is monitored in-situ, the landslide entered its initial deformation stage in June 25. From June 26 to July 1, the slope was in the stage of constant velocity deformation.
(2) With the deformation increased, the cracks in the slope continued to expand, shear creep occurred firstly in the middle and lower part of the slope, the shear failure zone gradually developed, and finally the sliding surface penetrated completely, and the landslide occurred.
(3) The landslide of Paoma hill was mainly caused by rainfall, the surface water was rapidly seeped into the slope along vertical cracks into the silty clay, the effective stress reduced and sliding force increased, and the slope was instable.
